One of the major advances serving to define the beginning of the era of modern medicine was the development of penicillin in the early 1940s as the first widely used antibiotic effective against microorganisms (reviewed in reference 111) . In what has become an all-too-common trend, antibiotic-resistant isolates emerged soon after the large-scale use of penicillin to treat bacterial infections (7) . This cycle has been repeated many times over the years as new antibiotics are generated (reviewed in reference 66). This has led to obvious concern about the continuing efficacy of antibiotics to control infectious disease (1) .
Resistance to antibiotics in pathogenic fungi is a problem of special importance in the control of infections caused by these organisms. The same extraordinary conservation of the basic eukaryotic cellular biology exhibited by fungal and animal cells that has allowed these smaller eukaryotes to serve as outstanding model organism limits the range of fungus-specific antibiotics that have been described. In addition, mutant fungi are readily isolated, both in the laboratory and in the clinic, that demonstrate resistance to a wide range of antibiotics beyond that initially used for treatment. This broad-spectrum drug tolerance is referred to as multidrug resistance and occurs in organisms ranging from bacteria to humans (67) . The limited number of antifungal drugs makes this phenotype an acute problem in the chemotherapeutic eradication of fungal infections.
Much of our understanding of multidrug resistance in fungi comes from studies in the generally nonpathogenic yeast Saccharomyces cerevisiae, in which the multidrug-resistant phenotype is referred to as pleiotropic drug resistance or Pdr (see reference 5 for a historical review). Genes influencing this phenotype are typically designated PDR loci. With the development of powerful new genetic and molecular biological techniques, workers have provided important new insights into the physiology of multidrug resistance from experiments performed directly in pathogenic organisms. This review focuses on providing an introduction to the various pathways influencing multidrug resistance in S. cerevisiae and compares these pathways to similar ones from pathogenic fungi such as Candida albicans, Candida glabrata, and Aspergillus fumigatus.
PLEIOTROPIC DRUG RESISTANCE IN SACCHAROMYCES CEREVISIAE
The facile genetics of S. cerevisiae led to the identification of an allelic series of pleiotropic drug-resistant mutations mapping to a gene present on chromosome VII that define the PDR1 gene (94) . Pdr1p is a zinc cluster-containing positive transcriptional regulator related to the well-known Gal4p transcription factor (4) . Although Pdr1p was the first multidrug resistance determinant identified in S. cerevisiae, this factor is not a direct mediator of drug resistance. Pdr1p and other transcriptional regulators modulate expression of a variety of proteins that act to prevent the toxic action of drugs. We first consider here the proteins that are direct detoxifiers of antifungal agents, then examine the transcription factors regulating these factors, and finally discuss the signals that regulate expression of the PDR genes. We refer here to the set of genes defined by their regulation by Pdr1p and its homologue Pdr3p collectively as the Pdr pathway (Fig. 1) .
MEMBRANE TRANSPORTERS AND OTHER DIRECT EFFECTORS OF PLEIOTROPIC DRUG RESISTANCE
The first identified gene that fulfilled the criteria for a direct effector of drug resistance in the Pdr pathway was the PDR5 locus (6, 9, 50) . This gene encodes an ATP-binding cassette transporter protein that is a member of the ABCG class of transporters (21). Early experiments indicated that the loss of Pdr5p led to a dramatic increase in drug sensitivity to a wide range of different compounds (65, 73) . In addition, direct biochemical assays demonstrated that pdr5⌬ cells were defective in the efflux of various dyes and radiolabeled probes (58) . Overproduction of Pdr5p by use of high-copy-number plasmids carrying the gene or the presence of hyperactive PDR1 alleles correlated with a robust Pdr phenotype (29, 51, 64) . Together, these data strongly support the model that elevated Pdr5p levels contribute to the pleiotropic drug-resistant phenotype by increasing the activity of this multispecific drug pump.
Comparison of cells carrying hyperactive PDR1 alleles and containing or lacking PDR5 argued that, although Pdr5p is an important determinant in the Pdr phenotype, the presence of this gene is not sufficient to explain the entire spectrum of drug resistance seen. For example, hyperactive PDR1-6 mutants are resistant to both cycloheximide and oligomycin. Removal of the PDR5 gene eliminates the increased cycloheximide tolerance in a PDR1-6 cell but does not reduce the high-level oligomycin resistance (51, 73) . Screening a high-copy-number plasmid library for genes that influence oligomycin resistance allowed the recovery of the YOR1 gene (19, 52) . YOR1 encodes an ABC transporter of the ABCC family that is required for normal oligomycin resistance. Loss of YOR1 from a PDR1-6 background reduces oligomycin resistance but has no effect on the elevated cycloheximide tolerance conferred by this Pdr1p derivative (52) . Similarly, removal of the PDR5 homologue SNQ2 gene from cells carrying a hyperactive allele of PDR1 reduced 4-nitroquinoline-N-oxide resistance but did not influence cycloheximide or oligomycin resistance (23).
These data serve to illustrate a major theme in the Pdr phenotype in S. cerevisiae, as well as fungal multidrug resistance in general. Overproduction of multiple ABC transporter proteins is required for the expression of the full range of drug resistance seen in these multidrug-tolerant cells. This typically occurs due to a change in the activity of a transcription factor and shares striking similarity with the multidrug resistance seen in mammalian cells. Isolation of the human MDR1 gene was accomplished by use of cell lines that massively overproduced this multidrug resistance ABC transporter protein (97, 101) . Most multidrug-resistant mammalian cells appear to emerge via amplification of the gene encoding a particular ABC transporter gene (see references 41 and 100) for reviews) rather than producing an altered transcription factor but, irrespective of the exact mechanism, both types of cells can become multidrug resistant through the elevation of ABC transporter expression.
Along with the ABC transporter proteins, proteins of the major facilitator superfamily (MFS) also contribute to pleiotropic drug resistance. Compared to the ABC transporterencoding genes, our understanding of the function and regulation of the MFS proteins is at an earlier stage. At least 20 different MFS proteins exhibit structural characteristics consistent with or have already been demonstrated to play a role in drug resistance (reviewed in references 79 and 102) . The large number of these membrane transporters suggests that their contributions to drug tolerance are likely underappreciated. The MFS proteins often share overlapping drug specificity with ABC transporters, which may explain in part why MFS transporter involvement in multidrug resistance has been obscured by their better-publicized relatives. For example, the MFS protein Flr1p contributes to resistance to the antifungal agent fluconazole, as well as cycloheximide (2) . The ABC transporter Pdr5p also mediates tolerance to both of these compounds and is clearly a major determinant in the resistance phenotype to these and other drugs (59) . Interestingly, while a pdr5⌬ strain is exquisitely sensitive to cycloheximide (65) , this sensitivity can be fully suppressed if the transcription factor Yap1p is overproduced (29). This suppression is likely due to the activation of FLR1, a Yap1p target gene (2) . Much remains to be learned of the participation of MFS proteins in eukaryotic multidrug resistance.
SPHINGOLIPID HOMEOSTASIS IS COREGULATED WITH PDR GENES
The lipid composition of the plasma membrane is the central determinant regulating passage of compounds from the external environment to the interior of the cell. The distribution of lipid components in the inner and outer leaflets of the plasma membrane is asymmetric and controlled in part by the Pdr pathway. Both Pdr5p and Yor1p have been found to enhance the outward movement (flop) of the phospholipid phosphatidylethanolamine (22, 90). Phosphatidylethanolamine is normally maintained at low levels in the outer leaflet by the rapid inward movement (flip) carried out by aminophospholipid translocases, five of which can be found in the S. cerevisiae genome (reviewed in reference 89). Intriguingly, two phosphatidylinositol transfer protein homologues (PDR16 and PDR17) were also found to be target genes of the Pdr pathway and to influence phospholipid levels and drug resistance (115) . These observations predict that activation of the Pdr pathway may trigger changes in phospholipid composition of the plasma membrane, but the consequences of these changes remain uncertain.
Eukaryotic membrane lipids include sterols and sphingolipids in addition to phospholipids. In S. cerevisiae, ergosterol is the major sterol in the cell and is produced via the action of ERG pathway (see reference 112 for a review). A well-known phenotype of many erg-null mutants is extreme sensitivity to drug challenges, which is consistent with a requirement for ergosterol in normal membrane function. Analyses of erg mutant strains indicate that Pdr5p transport activity is unaffected in these mutants and suggest that loss of ergosterol may enhance passive diffusion of compounds across the altered membrane (33, 53).
The final class of membrane lipid, sphingolipids, is thought to associate with ergosterol to form microdomains called lipid rafts that are concentrated in the outer leaflet of the plasma membrane (reviewed in references 30 and 46). Analysis of the expression of the IPT1 gene, encoding the last step in sphingolipid biosynthesis (31), established a direct connection between the Pdr pathway and biosynthesis of this class of membrane lipid. IPT1 transcription is controlled by Pdr1p and/or Pdr3p and responds to signals known to induce the S. cerevisiae Pdr pathway (see below). Interestingly, loss of IPT1 altered drug resistance of the resulting mutants and suggests that normal sphingolipid content is required for wild-type levels of drug tolerance (43) . Later experiments provided evidence that several biosynthetic steps upstream of the Ipt1p-catalyzed reaction were also responsive to increases in Pdr pathway-mediated regulation (57) . The known interactions are summarized in Fig. 2 .
The genetic interactions between the Pdr and sphingolipid pathways were extended by the finding that the RSB1 gene is regulated by Pdr1p and Pdr3p (55, 83) . Rsb1p is thought to act as an effluxer of ceramide precursors called long-chain bases (LCBs) (56) . LCBs can be cytotoxic if allowed to accumulate, and Rsb1p can act to prevent inappropriate buildup of these sphingolipid intermediates. Surprisingly, loss of Pdr5p and Yor1p from cells strongly elevates LCB resistance (55) in a Rsb1p-dependent fashion, again emphasizing the interconnections between sphingolipid biosynthesis and the Pdr pathway. These multiple interfaces between pleiotropic drug resistance and the homeostasis of membrane lipids suggest the possibility that the physiological role of the Pdr pathway is to assist in regulation of the function of the plasma membrane at the level of both lipids and membrane transporters.
TRANSCRIPTIONAL CONTROL OF PLEIOTROPIC DRUG RESISTANCE
A central determinant in the drug resistance phenotype of S. cerevisiae is provided by the regulation of transactivation capability of a limited number of regulatory proteins. Pdr1p and its homologue Pdr3p are Zn 2 Cys 6 -containing transcriptional regulatory proteins that exert major influences on the multidrug resistance phenotypes of cells. There are a large number of Zn 2 Cys 6 -containing transcription factors in S. cerevisiae (Ͼ50), and many of these have been shown or are believed to be involved in pleiotropic drug resistance (recently reviewed in reference 68). We will focus on Pdr1p and Pdr3p as illustrative of the larger number of Zn 2 Cys 6 -containing factors that contribute to drug resistance. More detailed considerations of these and other transcriptional regulatory proteins involved in multidrug resistance in S. cerevisiae are available in several reviews (34, 68, 76).
As mentioned above, hyperactive mutant forms of Pdr1p drove the initial identification of the pleiotropic drug resistance phenotype in S. cerevisiae (4, 12) . Similar mutant alleles of PDR3 have also been described (81) . These single amino acid substitution forms of Pdr1p and Pdr3p produce transcriptional regulatory proteins that behave as strong, constitutive activators of downstream gene expression (12, 81) . Pdr1p and Pdr3p both bind to elements referred to as Pdr1p/Pdr3p response elements (PDREs) located upstream of target genes (24, 51). In vivo footprinting experiments indicate that Pdr1p and Pdr3p are likely to be constitutively bound to relevant PDREs (35, 69), an observation consistent with the constitutive nuclear localization of these proteins (25). In addition, both Pdr1p and Pdr3p can activate the expression of another zinc cluster transcription factor-encoding gene called YRR1 (20, 123) . Increased expression of Yrr1p can amplify the transcriptional effects of activation of either Pdr1p or Pdr3p since this factor recognizes a sequence different from the PDRE (63) .
Although significant similarities are shared by Pdr1p and Pdr3p, important differences are known. First, these factors are expressed at dramatically different levels. Use of epitopetagged forms of both proteins indicates that Pdr1p is present at nearly 10 times the level of Pdr3p (39) . Second, the regulation of these factors is responsive to different signals. Overproduction of the DnaK protein Ssz1p (42) or the DnaJ Zuo1p (32) induces Pdr1p-dependent gene transcription but has no effect on Pdr3p. Conversely, cells lacking their mitochondrial genome ( 0 ) activate Pdr3p function but have no effect on Pdr1p (45) . PDR1 expression levels are constant, whereas PDR3 is both autoregulated and highly induced in 0 cells (25, 44, 45) . Finally, recent work from our laboratory demonstrates the Hsp70 protein Ssa1p can negatively regulate Pdr3p but not Pdr1p activity (107a). Although these two transcription factors share Ͼ30% identity across their roughly 1,000-amino-acid lengths (26), these differences indicate that Pdr1p and Pdr3p have nonidentical roles to play in the control of multidrug resistance.
The second class of transcription factor that has been associated with the regulation of multidrug resistance is the basic region-leucine zipper (bZip) family of regulatory proteins. Although a number of these bZip-containing factors are present in S. cerevisiae, we will restrict our discussion to Yap1p, the first of these factors shown to be involved in pleiotropic drug resistance. Yap1p is better known for its important role in oxidative stress tolerance (see references 75, 82, and 98 for reviews), and its regulation by oxidants has been the subject of intensive study. Briefly, Yap1p normally cycles between the nucleus and the cytoplasm in the absence of stress (62) . Upon oxidant challenge, Yap1p rapidly accumulates in the nucleus, where it activates antioxidant gene expression (16, 61, 62, 122) . Mutant forms of Yap1p have been described that are constitutively located in the nucleus and hyper-resistant to certain oxidants (16, 62, 119) .
Less is known of the response mediated by Yap1p upon drug challenge, but the YAP1 gene was isolated as a high-copynumber mediator of pleiotropic drug resistance along with PDR5 (65). As mentioned above, Yap1p defines a pathway for drug resistance parallel to that of PDR5. Interestingly, Yap1p is known to activate the expression of at least two different MFS protein-encoding genes: ATR1 (17) and FLR1 (2) . At least in S. cerevisiae, the control of multidrug resistance gene expression appears to be divided between zinc cluster-containing factors primarily driving transcription of ABC transporterencoding genes, while bZip-containing proteins mainly act by regulating mRNA levels of MFS proteins. The rationale underlying this division of transcriptional regulatory circuits remains to be determined.
CANDIDA ALBICANS
While the powerful genetics associated with the use of S. cerevisiae as a model fungus have allowed the most rapid progress in our understanding of fungal multidrug resistance, this organism is not a significant cause of human disease. The major fungal source of bloodstream infections in humans is from the genus Candida which has grown in importance until candidemia now represents the fourth most common nosocomial infection (110) . The primary Candida species associated with candidemia is Candida albicans (87) , and this organism has been the most intensively studied in terms of multidrug resistance.
The first multidrug resistance gene from C. albicans was recovered by selection of a segment of C. albicans genomic DNA that altered drug resistance in S. cerevisiae when carried on an appropriate plasmid (8) . The first gene isolated in this fashion was designated BENr and is now referred to as MDR1 (40) . The protein encoded by this gene is a member of the major facilitator superfamily of membrane transporters (see reference 70 for a review). Shortly after this finding, two genes encoding homologues of the S. cerevisiae Pdr5p ABC transporter protein were identified (91, 104) . These proteins were given the acronyms CDR1 and CDR2 for Candida drug resistance 1 and 2. Experiments in several labs established that mutant C. albicans strains lacking these ABC transporters were multidrug sensitive (104, 105) and that a number of different resistant isolates were found to overproduce CDR1 and CDR2 transcripts (106, 120) . Measurements of drug transport in strains engineered to overproduce Cdr1p support the idea that this protein acts as an ATP-dependent drug efflux pump (77) . Green fluorescent protein fusions to Cdr1p indicated that this protein was primarily found in the plasma membrane, similar to the location of Pdr5p in S. cerevisiae (108) .
More recent work has focused on the control of transcription of CDR1 and CDR2. Experiments from two different laboratories provided characterization of the promoter region of CDR1 (27, 93). CDR1 transcriptional control was found to be complex and the product of multiple DNA elements of either positive or negative nature in the promoter region. Analysis of the CDR2 promoter suggests that this gene is regulated in parallel with CDR1 since azole-resistant C. albicans isolates often exhibit elevated mRNA levels corresponding to both of these ABC transporter-encoding genes (27).
Several different transcriptional regulatory proteins have been implicated in the modulation of CDR1 and CDR2 expression. The best characterized of these is the Zn 2 Cys 6 cluster protein Tac1p (18). This factor binds to a single element in the CDR2 promoter that contains tandem repeats of a CGG sequence. These short trinucleotide repeats are commonly associated with the binding sites of Zn 2 Cys 6 cluster proteins (68) . Tac1p exhibits the highest degree of sequence similarity with a protein from S. cerevisiae designated Hal9p, a factor involved in the control of expression of the ENA1 sodium-potassium ATPase (71) . Interestingly, the presence of a CDR2-lacZ fusion in S. cerevisiae does not lead to the production of significant ␤-galactosidase activity unless Tac1p is heterologously provided (18), suggesting that Hal9p cannot stimulate CDR2 expression. Although Pdr1p does share significant sequence similarity with Tac1p (E value ϭ 10 Ϫ13 ), there are clear differences between these two Zn 2 Cys 6 cluster proteins at the level of DNA binding specificity and protein sequence. An interesting commonality between PDR1 and TAC1 gain-offunction mutants is the spectrum of highly responsive target genes that these two important regulators of multidrug resistance induce in their respective organisms. In S. cerevisiae, PDR1 hyperactive mutants strongly induce PDR5 and PDR15, as well as another membrane protein called Rsb1p that is required for resistance to the long-chain base phytosphingosine (28). In C. albicans, TAC1 hyperactive alleles induce CDR1 (Pdr5p homologue), CDR2 (Pdr15p homologue), and RTA3 (Rsb1p homologue).
A second positive regulator of CDR1 was found by screening a C. albicans expression library in a S. cerevisiae cell carrying a CDR1-lacZ reporter gene for clones that could elevate expression of this heterologous reporter gene (13) . This gene was designated CaNDT80 since it was found to encode a homologue of the S. cerevisiae Ndt80p transcription factor. ScNdt80p serves to activate genes involved in sporulation in S. cerevisiae (15) . CaNdt80p appears to have functionally diverged from the role of its S. cerevisiae cognate protein since the C. albicans factor is important in positive regulation of CDR1 during vegetative growth.
Evidence implicating an important role for a negative regulator of CDR1 expression has also accrued (38) . To date, the identity of this factor is still undetermined, but its binding site has been mapped to an element located downstream of the Tac1p recognition element (37) . A 55-kDa protein has been shown to be cross-linked to this negative regulatory element, and reductions in the level of this factor are believed to cause azole hyper-resistance in some clinical isolates. Together, these data suggest that control of expression of CDR1 in C. albicans involves more complexity at the level of the transcription factors compared to the control of ScPDR5 expression that is primarily dependent on only Pdr1p and Pdr3p (26, 51).
Transcriptional control of CaMDR1 has also been examined by several laboratories. Detailed deletion mapping experiments have been described in several publications (47, 49, 96, 99) . These studies have identified several different regions in the CaMDR1 promoter that are involved in basal, oxidant-or drug-induced expression. There are differences in the precise roles of these multiple elements but clearly the CaMDR1 promoter is a complex transcriptional control region that integrates multiple inputs to determine the proper expression of CaMdr1p.
At least two different factors have been linked to the transregulation of CaMDR1 expression. Isolation of the C. albicans Yap1p homologue (Cap1p) indicated that CaMDR1 was a likely downstream target of this transcription factor (3). This has been supported by direct mutagenesis of putative Cap1p regulatory elements present in CaMDR1 (99) . Surprisingly, other analyses demonstrated that loss of CAP1 either had no effect on azole resistance or negatively influenced tolerance to this drug (3). However, overproduction of a carboxy-terminal truncation mutant of Cap1p led to a dramatic increase in azole resistance, an observation that correlates with strongly elevated CaMDR1 transcription (3). This behavior is similar to that observed in S. cerevisiae when YAP1 is deleted as yap1⌬ cells exhibit a modest (twofold) increase while overproduction of Yap1p produced a striking increase in the MIC for fluconazole (14) .
Along with Cap1p, the C. albicans homologue of S. cerevisiae Mcm1p has also been implicated in control of CaMDR1 transcription (96, 99) . Laboratory strains of C. albicans that were selected for high azole resistance were found to be dependent on the presence of a functional CaMcm1p binding site for high level production of CaMDR1. Cap1p was not required for this effect arguing that CaMcm1p is the primary if not the sole factor that is upregulated in these azole-resistant isolates. Azole resistance has also been shown to be impacted by changes in expression of the C. albicans IPT1 gene (92) , suggesting a further conservation with S. cerevisiae. The picture that emerges from studies in C. albicans on the molecular basis of multidrug resistance is consistent with this organism sharing a very similar range of effector genes with S. cerevisiae, but with the regulation of gene expression exhibiting differences. This may be due to the very different milieus in which these organisms normally reside. Further study of the resistance pathways in these yeasts will clarify this notion.
CANDIDA GLABRATA
C. glabrata is a haploid species of Candida that has emerged as the second most common Candida organism associated with fungemia (87) . A likely contributing factor to the rapid growth (2% in the 1970s to 20% now) is the robust ability of C. glabrata to acquire tolerance to commonly deployed antifungal agents such as azoles. Long-term monitoring of C. glabrataassociated disease indicates that azole-resistant isolates are increasing in frequency, even from geographic regions in which C. glabrata was originally sensitive to these drugs (85) . This is not seen in the case of C. albicans since clinical data indicate that azole drugs retain their efficacy in controlling disease associated with this species (48) . A second complicating factor for C. glabrata comes from the routine multidrug resistance of azole-tolerant isolates (107) . Not only does C. glabrata relatively easily convert to an azole-resistant form, but it also frequently appears to become simultaneously multidrug resistant.
Protein and DNA sequence similarity analyses indicate that C. glabrata and S. cerevisiae are closely related organisms (121) . This close relationship is also illustrated by the similarities in the multidrug resistance pathways in these two yeasts. As described above for S. cerevisiae, 0 C. glabrata cells are highly multidrug resistant (103) . This mitochondrial control of multidrug resistance proceeds through the activation of the CgPdr1p protein (114) . A notable difference between S. cerevisiae and C. glabrata is that CgPdr1p represents the single best homologue of the Pdr1p/Pdr3p pair of proteins found in S. cerevisiae (117) . CgPDR1 may correspond to a fusion gene between the S. cerevisiae PDR1 and PDR3 loci. CgPDR1 shares more sequence similarity with ScPdr1p but exhibits the 0 induction seen for ScPDR3 (114) . Single amino acid substitution mutant forms of CgPdr1p have been found that are linked with high-level transcription of both CgPDR1 and CgCDR1, as well as robust multidrug resistance (117) . This behavior is directly analogous to that seen for the hyperactive alleles of ScPDR1 and ScPDR3.
Although it is clear that 0 C. glabrata cells are highly multidrug resistant and occur frequently, the role of these cells in disease is less certain. C. glabrata clinical isolates that were converted to petite status by either ethidium bromide or fluconazole treatment were found to have reduced virulence in a mouse model of fungal pathogenesis (11) . One concern with these experiments (noted by the authors of that study) is that evaluation of virulence was carried out without the administration of fluconazole. Since the absence of drug selection would remove the possible selective advantage provided by the high-level expression of the CgCDR genes and associated multidrug resistance, the petite cells may be lost due to competition from the healthy endogenous microbial flora. There have been reports of petite C. glabrata strains isolated from patients (10) , but a larger number of other clinical isolates are not apparently linked with a petite character (107) .
While the finding that petite strains of C. glabrata and S.
cerevisiae exhibit a multidrug-resistant phenotype illustrates the similar mitochondrial regulatory basis in these organisms, an interesting difference has been uncovered by screening a collection of transposon-generated C. glabrata mutants (54) . Insertion of a transposon into several genes was found to elevate azole resistance but also trigger petite formation. When the selective pressure was removed, the petite phenotype appeared to abate. Previous studies on both C. glabrata and S. cerevisiae petite mutants have not uncovered multidrugresistant mutants that exhibit reversible behavior (103, 124) . One feature of the C. glabrata petite multidrug-resistant mutants that remains unclear is the status of their mitochondrial genome. The so-called high-frequency azole-resistant mutants were demonstrated to lack a mitochondrial genome (103) and closely resemble the 0 multidrug-resistant mutants of S. cerevisiae. Three of the transposon-induced C. glabrata petite mutants were examined for mitochondrial genome status (54) and intriguingly found to still retain cytoplasmic nucleoids. This is an important potential difference since a number of different S. cerevisiae mutants that are petite but not 0 fail to express the multidrug-resistant phenotype (124) . The petite transposon insertion mutants in C. glabrata include an insertion in the CgSHE9 gene. Disruption mutants lacking SHE9 (aka MDM33) (72) do not appear to lose its mitochondrial genome in either S. cerevisiae or C. glabrata, but multidrug resistance has only been assessed for C. glabrata mutants. Further work is required to determine whether the reversible multidrug-resistant status of the three C. glabrata genes is also exhibited by their cognate S. cerevisiae mutants. As suggested previously (54) , mutants that exhibit a gradual diminution of mitochondrial function without complete loss of the mitochondrial genome may give rise to this reversible multidrug resistance. Mutants of this type would have clear advantages in terms of survival of chemotherapy in a patient since they could combine the benefits of robust multidrug resistance of a petite cell without permanently acquiring the fragile growth of these mitochondrially deficient strains.
As described above for S. cerevisiae, multidrug resistance in C. glabrata is also influenced by transcriptional control of MFS protein expression. The CgFLR1 gene is induced by the C. glabrata Yap1p homologue (CgAP-1) and confers resistance to a range of agents, including fluconazole (14) . C. glabrata Cgap-1 mutants had normal fluconazole tolerance, while Cgpdr1 mutants were hypersensitive to this drug. The Yap1p-FLR1 fluconazole resistance pathway seems to serve an ancillary role in tolerance to this antifungal agent in both S. cerevisiae and C. glabrata. Somewhat surprisingly, while Cgap-1 mutants are hypersensitive to oxidants, there is no detectable effect on virulence (14) . Although CgAP-1 is an important determinant of oxidative stress resistance, this does not appear to influence the ability of C. glabrata to colonize a mouse model.
The similarities between multidrug-resistant isolates of S. cerevisiae and C. glabrata have been extended by analysis of a genes that are transcriptionally responsive to a hyperactive mutant form of CgPdr1p by microarray (116) . While a number of genes that are induced in C. glabrata represent homologues that are also elevated in response to S. cerevisiae hyperactive Pdr1p, the largest group of induced transcripts correspond to genes that are uniquely induced in the pathogenic yeast (116) .
These C. glabrata-specific genes may represent loci that are required for the organism to successfully withstand the challenges of toxic compounds when exposed in an animal host.
ASPERGILLUS SPP.
The primary human pathogen among the filamentous fungi is Aspergillus fumigatus (95) . Infections associated with this organism are have a high morbidity and an intrinsically high resistance to the standard cadre of antifungal agents (86) . Not surprisingly, continued use of azole-based drugs has the undesirable consequence of elevating the resistance of subsequent isolates from these patients. Fortunately, acquisition of a multidrug resistance phenotype is relatively rare among Aspergillus species, but this statement must be qualified by the recognition that analysis of this phenotype is complicated by technical difficulties in establishing this phenotype (74) . In addition, molecular characterization of genes involved in Aspergillus multidrug resistance has been hindered by lack of a complete genomic sequence. This has recently been accomplished (80) and will accelerate study of the loci involved in drug resistance in this important human pathogen.
Previous studies have provided some information concerning multidrug resistance genes in Aspergillus. Degenerate PCR cloning allowed the isolation of two different ABC transporterencoding genes, and expression of one of these in S. cerevisiae elevated resistance to an antifungal drug of the echinocandin family (113) . Using a probe for C. albicans CDR1, A. fumigatus atrF was isolated and shown to be inducible in azole-resistant isolates but not inducible in azole-susceptible strains (109) . Azole-resistant isolates selected in vitro were found to have elevated expression of ABC transporter and MFS-encoding genes (78) . These data are consistent with similar systems for drug detoxification existing in Aspergillus as have been described in yeasts.
The availability of the genomic sequence of Aspergillus has already provided interesting insights into the likely composition of multidrug resistance systems in this filamentous fungus. The A. fumigatus genome is ca. 50% larger than that of S. cerevisiae and yet predicts the presence of 96 potential MFS multidrug transporters compared to 24 from budding yeast (36) . Similarly, S. cerevisiae contains 13 ABC transporter genes thought to participate in multidrug resistance, whereas A. fumigatus is believed to have 35. Analyses of these proteins in A. fumigatus is required to confirm that these proteins are involved in drug resistance in this organism, but the presence of such a proportionally larger number suggests a hardening of the drug defensive capability of this pathogenic organism. It is striking to note that the increased proportion of MFS proteins compared to ABC transporters found in the Aspergillus genome compared to S. cerevisiae resembles the situation in pathogenic bacteria. Currently, there are no examples of ABC transporters in clinically relevant bacteria pathogens that are important in drug resistance, whereas MFS protein participation in evasion of antibacterial therapy is very common (88) .
SUMMARY
Multidrug resistance is a problem in chemotherapy in situations ranging from bacterial infections to cancer. Fungal drug resistance is an especially acute issue due to the limited number of antifungal compounds (60) . Understanding the regulation and function of multidrug resistance pathways in fungi is still very much a work in progress, but its importance continues to grow with the increasing number of immunocompromised patients worldwide and their increasing reliance on chemotherapy to control fungal infections (see references 84 and 118 for recent reviews). Much of our current understanding of the molecular basis of fungal multidrug resistance springs from work in the typically nonpathogenic yeast S. cerevisiae. However, rapid advances in the experimental tractability of pathogenic fungi such as the Candida and Aspergillus species will bring the pathways in these clinically important organisms into focus. This is an important goal since the systems used for drug resistance in these pathogens share some similarity with those in S. cerevisiae but have important differences that can only be uncovered in the native organism. 
